ABSTRACT. We performed statistical analyses of five conserved features of genomic islands of bacteria. Analyses were made based on 104 known genomic islands, which were identified by comparative methods. Four of these features include sequence size, abnormal G+C content, flanking tRNA gene, and embedded mobility gene, which are frequently investigated. One relatively new feature, G+C homogeneity, was also investigated. Among the 104 known genomic islands, 88.5% were found to fall in the typical length of 10-200 kb and 80.8% had G+C deviations with absolute values larger than 2%. For the 88 genomic islands whose hosts have been sequenced and annotated, 52.3% of them were found to have flanking tRNA genes and 64.7% had embedded mobility genes. For the homogeneity feature, 85% had an h homogeneity index less than 0.1, indicating that their G+C content is relatively uniform. Taking all the five features into account, 87.5% of 88 genomic islands had three of them. Only one genomic island had only one conserved feature and none of the genomic islands had zero features. These statistical results should help to understand the general structure of known genomic islands. We found that larger genomic islands tend to have relatively small G+C deviations relative to absolute values. For example, the absolute G+C deviations of 9 genomic islands longer than 100,000 bp were all less than 5%. This is a Feature analyses of bacterial genomic islands novel but reasonable result given that larger genomic islands should have greater restrictions in their G+C contents, in order to maintain the stable G+C content of the recipient genome.
INTRODUCTION
GIs are frequently used in related works and they could constitute fairly reliable datasets. From the database PAIDB (http://www.gem.re.kr/paidb/) (Yoon et al., 2007) , we obtained 63 such GIs. In addition, 41 known GIs were obtained by automatic PubMed search and subsequent manual check. In total, 104 well-documented GIs were prepared to perform through analysis in this work. Details of all these GIs are listed in Table 1 . DNA sequences and annotation information for bacterial hosts of these GIs were downloaded from NCBI ftp site (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/).
There are essentially two main theoretical approaches for identifying GIs (Langille et al., 2010) . One is based on sequence composition and the other on comparative genomics. Compared with the former, the latter relies on the very definition of HGT (rather than on its outcome) and hence has lower rates of false-positive predictions. To achieve reliable analyses and results, all GIs involved in this work are those identified by the comparative genomic method.
Conserved features
Four types of widely accepted conserved features are analyzed and compared. First, GIs have the typical length of 10-200 kb (Vernikos and Parkhill, 2008; Soares et al., 2012) . We wanted to know what proportion of them would fall out this range. Second, GIs, particularly those recently inserted, tend to have a distinct composition with the host genome and this feature is generally measured by G+C deviation (Khrustalev and Barkovsky, 2011; Soares et al., 2012; Vernikos and Parkhill, 2008) , which is defined as
(Equation 1) G+C deviation = G+C host -G+C gi
However, there are still some GIs that have similar G+C content with the host and we wanted to determine the specific figure. Third, transposases and integrases, as mobility genes, could aid the integration of GIs into the hosts (Vernikos and Parkhill, 2008; Soares et al., 2012) . Hence, most GIs contain mobility genes and the particular proportion was investigated in this study. Finally, tRNA genes, as another type of marker gene, often flank GI regions (Vernikos and Parkhill, 2008; Soares et al., 2012) .
Cumulative GC profile and h index
Besides the above frequently-mentioned features of GIs, we also wanted to investigate one relatively new feature, which has been used as one of the standards for predicting novel GIs by Zhang and colleagues (Chen, 2006; Zhang and Zhang, 2004a ,b, 2005 Wei and Guo, 2011; . The homogeneity feature was obtained based on the cumulative GC profile (Zhang et al., 2001) . The method of the cumulative GC profile proposed by Zhang and colleagues has been used to identify GIs in dozens of prokaryotic genomes (Charkowski, 2004; Greub et al., 2004; Chen, 2006; Do and Miyano, 2008; Zhang and Zhang, 2004a ,b, 2005 Wei and Guo, 2011 ). The method is described briefly as follows. In the equation above, A n , C n , G n and T n , are the cumulative numbers of the bases A, C, G, and T, respectively, occurring in the subsequence from the first base to the n-th base in the inspected DNA sequence with length N. Z n is one of the components of the Z curve (Guo et al., 2003) . To amplify the deviations of Z n , the curve of Z n~n is fitted by a straight line using the least-squares approach.
In equation (Equation 3 ), (Z, n) are the coordinates of a point on the straight line fitted and k is its slope. Instead of using the curve of Z n ~ n, we will use the Z' n curve, or cumulative GC profile, hereafter, where
Two basic characteristics of the Z' curve are described as follows. (i) If a region in the Z' curve looks like a straight line, the GC content would stay nearly constant within this region. (ii) An up jump (a drop) in the curve means a decrease (or increase) in GC content (Zhang and Zhang, 2004b) .
GIs usually have a fairly homogeneous GC content, and this fact could be reflected by the corresponding Z' curve being a nearly straight line (Guo et al., 2003; Charkowski, 2004; Greub et al., 2004; Chen, 2006; Do and Miyano, 2008; Zhang and Zhang, 2004a ,b, 2005 Wei and Guo, 2011 ). An index called h (Zhang and Zhang, 2004b) , which quantitatively describes the homogeneity of the GC content of a GI, is defined by the following equation,
(Equation 5)
In this equation, M and N are the lengths of the GI and chromosome, respectively. Symbol d denotes the deviation of the GC content from a constant for a whole genome or a GI. The so-defined h index measures the relative magnitude of the GC content variations in a GI compared with that of the whole genome. If h is much less than 1, the variations in GC content of GIs may be considered small.
RESULTS

G+C deviations of the 104 known GIs
As is well accepted, the G+C content of GIs, particularly those inserted recently, is different from that of their host genome (Hacker and Kaper, 2000) . It would be important to investigate how far the G+C content of the 104 known GIs deviates from their hosts. Accordingly, the G+C deviations between the 104 GIs and their recipient genomes were calculated and shown as the histogram in Figure 1 . As can be seen, only 20 GIs have an absolute G+C deviation less than 2%, and this means that 80.8% of GIs have relatively larger G+C deviations (>2%). The minimum value of absolute G+C deviations among the 104 GIs was only 0.3%. That is to say, that particular GI (SSGI-3 in the host Shigella sonnei 53G) and its host genome have almost the same G+C content. In contrast, the largest absolute value of G+C deviation was 14.2%. Next, the 104 GIs were divided into two classes, one was A+T-richer and the other was G+C-richer. The mean absolute value of G+C deviations for the 16 G+C-richer islands was 5.0% , whereas the mean absolute value was 4.0% for the 88 A+T-richer islands. Therefore, on average, the absolute value of G+C deviations of A+T-richer islands is quite similar to that of G+C-richer islands.
Typical length of GIs
For the 104 known GIs, a histogram of the length distribution is shown in Figure 2 .
As can be seen, 33 GIs were longer than 20 kb. Only 11 GIs were shorter than 10 kb. Comparatively, only one GI had a length greater than 200 kb. In summary, 12 GIs fell outside the range of typical length of 10 to 200 kb. If the range between 0 and 200 kb was divided into 10 parts, the number of GIs falling in each part decreased gradually, which can be seen in Figure  2 . Therefore, there were more short GIs than long GIs based on the characteristics of the 104 GIs. In summary, the mean length of GIs was 46.3 kb (± 42.6 SD). The largest GI had a size of 255 kb and the shortest GI was only 2.7 kb. 
Mobility genes and tRNA genes
For the 88 GIs whose hosts had been sequenced and annotated, we investigated the presence of mobility genes and tRNA genes. Details of this analysis are listed in Table 1 . In this table, if one GI had flanking tRNA genes, it was marked with "+" and otherwise not marked. However, we marked detailed numbers for mobility genes because one GI contained many mobility genes. Two types of mobility genes are considered and they are integrases and transposases. In each GI, the total number of the two kinds of genes was determined and it was divided by the number of all genes in that GI. The ratio obtained was used to denote the probability of mobility genes existing in one specific GI. In total, 46 (52.2%) GIs had a flanking tRNA as their integration sites. Comparatively, 57 GIs (64.7%) contained mobility genes and the mean ratio of the mobility gene number to the total gene number for them was 12%. As an extreme case, even 55% of genes in the GI SSGI-7 had the mobility function.
h index of GI homogeneity
The homogeneity of G+C content of a GI is one feature only mentioned and employed by Zhang and colleagues (Chen, 2006; Zhang and Zhang, 2004a ,b, 2005 Wei and Guo, 2011; . According to them, GIs usually have fairly constant G+C content, and hence, they show almost straight lines in the cumulative GC profile. Zhang and Zhang (2004b) proposed one index to measure the homogeneity as in Equation (5). Here, we calculated the h index for 88 GIs with annotation information, and the distribution histogram is shown in Figure 3 . As can be seen, 56 GIs had an h index less than 0.05, whereas 75 GIs showed values less than 0.1. Zhang and Zhang (2004b) suggested 0.05 as the threshold for being a genuine GI. Chen (2006) changed this threshold to 0.1, and Guo and Wei (2012) then followed her revision. Based on the present analysis, the value of 0.1 may be one more reliable choice because only 63.6% of known GIs had an h index less than 0.05. However, if a lower rate of false positives is desired and if completeness of the prediction is not critical, the threshold of 0.05 may be preferred. 
G+C deviations of GIs and their sizes
To our knowledge, the relationship between the G+C deviation of GIs and their size has not been investigated in any previous study. We performed the following analysis to look at this problem. First, G+C deviation and size of the 104 known GIs were calculated. A scatter plot was then drawn, as shown in Figure 4 . In this figure, values of the horizontal axis denote the sizes of GIs, whereas the vertical axis is marked by the absolute values of G+C deviations.
As can be seen, a good right triangle exists in the plot. That is to say, the mean size of GI increases while the range or variance of G+C deviation decreases with length. Indeed, the absolute G+C deviations of 9 GIs longer than 100,000 bp are all less than 5%. Therefore, larger GIs tend to have a smaller G+C deviation according to the absolute values. This is a novel but reasonable result given that larger GIs should have greater restrictions on their G+C content, to maintain the stable G+C content of the recipient genome. 
DISCUSSION
GIs tend to be A+T richer
Horizontally transferred genes have been observed to be A+T richer in pathogens with medium and low G+C content (Jain et al., 2003) . Daubin and Perriere (2003) suggested that either the donor species is always A+T richer than the recipient species or that there is a bias toward the internalization of A+T-rich alien DNA in the genome. As for GIs, there are few reports on the G+C deviation of GIs with respect to the host genome except that performed by Vernikos and Parkhill (2008) . However, the authors paid attention to only the variation of G+C deviation values and not the direction of G+C deviation. Here, we addressed this problem based on the analysis on the 104 known GIs. As shown in Figure 4 , 88 GIs were A+T richer than their host genomes and only 16 were G+C richer. Furthermore, the hosts of the 104 GIs could be divided into three classes, high G+C (> 60%), medium G+C (40-60%) and low G+C (<40%), respectively. Consequently, 33 of the 40 GIs in the low G+C hosts were A+T richer. Among the 52 GIs detected in the hosts with medium G+C content, 43 were A+T richer. For the high G+C hosts, all of the 12 GIs were A+T richer.
In conclusion, most (88/104 = 84.6%) of the known GIs analyzed in this work were A+T richer than their host's genome. The AT-richness of GIs did not seem to depend on the G+C content of their recipients. This suggests that horizontally transferred single genes and GIs have similar evolutionary mechanisms.
Why do larger GIs tend to have a smaller G+C deviation?
One of the interesting results of this work is that larger GIs tend to have a relatively smaller G+C deviation. This is due to two possible alternative reasons. Either the donor genome of larger GIs is subject to more severe limitation, or the larger GIs evolve faster than shorter GIs during the post-insertion period. That is to say, only the donor having similar G+C as the recipient is able to donate larger GIs. Alternatively, during the post-insertion period, larger GIs exert stronger pressure, so they evolve faster to have similar G+C as the recipient. No matter how, larger GIs should be subject to more restrictions on their G+C content to maintain the unchangeable G+C content of the recipient genome. If the latter explanation is right, it means some larger GIs could have a larger G+C deviation at the time of introgression. After integration, the G+C content of larger GIs should evolve faster towards the status of the hosts.
Simultaneous presence of multiple conserved features
We analyzed the typical value or presence/absence of each single feature, and their simultaneous presence is also interesting. We take the range between 10 to 200 kb as the typical length of GI. If a GI has its length in this range, it will be regarded as meeting this feature. For the feature of G+C deviation, those having the absolute value of more than 2% are thought to meet it. The value of 0.1 is taken as the threshold of the h homogeneity index. Having an h index less than 0.1 is taken as the standard for a GI meeting this feature. Taking flanking tRNA gene and embedded mobility gene into account, there are a total of five features. Among the 88 GIs with annotation information, 19 (19/88, 21.6%) GIs exhibited all five features, 34 (38.5%) GIs showed four features, 24 (27.2%) GIs showed three features and 10 (11.4%) GIs displayed two features. Finally, only one GI exhibited only one feature, and the outlier was GI vSeγ in the genome of Staphylococcus epidermidis ATCC 12228. The only effective feature for vSeγ was the h index, which was only 0.003, the smallest value among all the 88 GIs. There were no GIs that did not exhibit any feature. On the basis of the analysis, we can conclude that all of the known GIs show the conserved features well. Therefore, the five conserved features could be taken as reliable evidence for predicting candidate GIs. Typical values obtained for them in this work would help to optimize parameters in devising or improving GI predicting methods. #31071109), the Program for New Century Excellent Talents in University (N#CET-11-0059) and the Special Fund of China Postdoctoral Science Foundation (#201104687 and #2013M540705). We are grateful to the reviewers for their valuable comments, which led to the improvement of this paper.
